extended-release capsule formulation of amantadine HCl administered once daily at bedtime. This study investigated the safety, efficacy, and tolerability of ADS-5102 in Parkinson's disease (PD) patients with levodopa-induced dyskinesia. This was a randomized, double-blind, placebocontrolled, parallel-group study of 83 PD patients with troublesome dyskinesia assigned to placebo or one of three doses of ADS-5102 (260 mg, 340 mg, 420 mg) administered daily at bedtime for 8 weeks. The primary efficacy analysis compared change from baseline to week 8 in Unified Dyskinesia Rating Scale (UDysRS) total score for 340 mg ADS-5102 versus placebo. Secondary outcome measures included change in UDysRS for 260 mg, 420 mg, Fatigue Severity Scale (FSS), Movement Disorder Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS), patient diary, Clinician's Global Impression of Change, and Parkinson's Disease Questionnaire (PDQ-39). ADS-5102 340 mg significantly reduced dyskinesia versus placebo (27% reduction in UDysRS, P 5 0.005). In addition, ADS-5102 significantly increased ON time without troublesome dyskinesia, as assessed by PD patient diaries, at 260 mg (P 5 0.004), 340 mg (P 5 0.008) and 420 mg (P 5 0.018). Adverse events (AEs) were reported for 82%, 80%, 95%, and 90% of patients in the placebo, 260-mg, 340-mg, and 420-mg groups, respectively. Constipation, hallucinations, dizziness, and dry mouth were the most frequent AEs. Study withdrawal rates were 9%, 15%, 14%, and 40% for the placebo, 260-mg, 340-mg, and 420-mg groups, respectively. All study withdrawals in the active treatment groups were attributable to AEs. ADS-5102 was generally well tolerated and resulted in significant and dose-dependent improvements in dyskinesia in PD patients.
Levodopa is considered the gold standard treatment for Parkinson's disease (PD); however, long-term treatment with levodopa is complicated by motor fluctuations and dyskinesia. 1 Approximately 40% of patients develop motor complications and dyskinesia after 4 to 6 years of levodopa treatment, 2 yet there are no approved medical treatments for dyskinesia in PD. 1 Amantadine is an antiviral agent that was discovered to be a potential treatment for PD motor symptoms in 1968. 3 More recently, amantadine was reported to improve levodopa-induced dyskinesia (LID). [4] [5] [6] [7] The clinical use of amantadine is limited because of tolerability issues, although doses up to a maximum of 400 mg/d, in divided doses, are approved for use in PD.
ADS-5102 is an investigational, extended-release capsule formulation of amantadine HCl in development for the treatment of LID associated with PD. ADS-5102 is administered once daily at bedtime, which may increase convenience and patient adherence. The maximum concentration is achieved 12 to 14 hours after dosing. This results in sustained concentrations throughout the morning and mid-day, when patients are active and LID can be bothersome. There is a gradual decline to low concentrations during the evening and overnight, to reduce the potential for sleep-related side effects. The present study was designed to evaluate the safety and efficacy of three dose levels of ADS-5102 oral capsules dosed once daily at bedtime for the treatment of LID in PD patients.
Methods
This trial (EASED Study, Adamas Pharmaceuticals, ADS-PAR-AM201, NCT 01397422) was conducted between July 2011 and April 2013 at 31 sites in the United States, and in accordance with the Declaration of Helsinki and Good Clinical Practice Guidelines. Before initiating the study, all participating sites received approval from an institutional review board, and all study participants provided written informed consent. See Acknowledgments for full list of sites that enrolled study participants.
Patients
Key inclusion criteria included age between 30 and 85 years, inclusive, diagnosis of PD based on the United Kingdom Parkinson's Disease Society Brain Bank Clinical Diagnostic Criteria, 8 score of at least 2 on part IV, item 4.2 (functional impact of dyskinesia) of the Movement Disorder Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS) 9 at screening and at day 1 (baseline), and at least two half-hour periods between 9:00 AM and 4:00 PM documented as ON time with troublesome dyskinesia on a 24-h PD patient diary 10 on each of 2 consecutive days just before day 1. All antiparkinsonian medications, including levodopa preparations, were unchanged for at least 30 days before screening and during study participation. Levodopa preparations had to be administered at least three times daily.
Key exclusion criteria included history of dyskinesia that was exclusively diphasic, off state, myoclonic, dystonic, or akathetic without peak dose dyskinesia, neurosurgical intervention related to PD, atypical parkinsonism, levodopa or dopamine agonist-induced psychosis, cognitive impairment as evidenced by a Mini-Mental Status Examination score of less than 24 during screening, estimated glomerular filtration rate (GFR) less than 50 mL/min/1.73 m 2 , use of amantadine within 30 d before screening, documented inability to tolerate or lack of dyskinesia response to prior amantadine treatment, current treatment with apomorphine or dopamine receptor blocking agents, clinically significant electrocardiogram abnormalities, use of rimantadine or history of hypersensitivity or allergic reaction to amantadine, rimantidine, or memantine.
Design
This was a multicenter, randomized, double-blind, placebo-controlled, four-arm parallel group study. Eligible patients were randomized on day 1 in a 1:1:1:1 ratio to receive placebo, 260 mg ADS-5102, 340 mg ADS-5102, or 420 mg ADS-5102. Randomization was stratified by the baseline Fatigue Severity Scale Score (FSS > 4 or 4). The randomization list was generated and validated by inVentiv Health Clinical (Cary, NC). Randomization was accomplished through an interactive web-based response system, which also allowed for unblinding of treatment assignment if necessary for patient safety.
Study medication was administered as three capsules, identical in appearance, once daily at bedtime for 8 weeks. Patients randomized to placebo or 260 mg ADS-5102 received that nightly dose throughout the 8-week dosing period. Patients randomized to 340 mg ADS-5102 or 420 mg ADS-5102 all received 260 mg ADS-5102 during week 1, and 340 mg ADS-5102 during week 2, and the 420 group then went on to receive 420 mg ADS-5102 beginning week 3. Assigned doses were to be maintained without dose adjustment for the remainder of the treatment period. Patients were evaluated at baseline and after 1, 2, 4, 6, and 8 weeks of treatment. A final safety follow-up visit occurred approximately 14 d after treatment completion.
Prequalified raters completed training and were certified to administer efficacy scales. Rater training used the MDS teaching modules for the scales. Patients needed to demonstrate ability to complete PD home diaries, and concordance in observed ON time with dyskinesia
between study staff and patient was required before randomization. If possible, the same rater conducted efficacy assessments at least 30 minutes after the patient's regularly scheduled levodopa dose, when the patient was ON (PD medications providing good effect on motor symptoms) and experiencing typical dyskinesia. During study conduct, the protocol was amended to allow inclusion of patients up to 85 years of age, and the time window for the PD patient diary dyskinesia inclusion criterion was widened from 9:00 AM to 2:00 PM to 10:00 AM to 4:00 PM.
Study Assessments

Outcome Measures
The primary outcome measure was the change from baseline to week 8 in the Unified Dyskinesia Rating Scale (UDysRS) total score (four parts, total possible score of 104). The primary efficacy analysis compared the 340-mg dose level with placebo. Secondary outcome measures included the change from baseline to week 8 in the following (in order of priority): Fatigue Severity Scale (FSS) score, MDS-UPDRS combined score (I, II, III), UDysRS total objective score (III, IV), ON time without troublesome dyskinesia (ON time without dyskinesia plus ON time with non-troublesome dyskinesia), ON time with troublesome dyskinesia, total ON time with dyskinesia (non-troublesome plus troublesome), MDS-UPDRS, part IV, items 4.1 (time spent with dyskinesia) and 4.2 (functional impact of dyskinesia), MDS-UPDRS, individual part scores (I, II, III, IV), Clinician's Global Impression of Change (CGI-C), and health-related quality of life as measured by a Parkinson's Disease Questionnaire (PDQ-39). The UDysRS, MDS-UPDRS, FSS, and CGI-C were evaluated at the baseline (except CGI-C), week 2, week 4, and week 8 visits; PDQ-39 was completed at the baseline, week 4, and week 8 visits. During screening, potential patients and any designated caregivers or study partners were trained on the proper completion of PD home diaries. After training, a set of two consecutive 24-hour diaries (48 hours total) were completed before day 1 (day of randomization), serving as the baseline diary score, and repeated before the week 2, week 4, week 6 and week 8 visits.
Safety Measures
Safety assessments included adverse events (AEs), reasons for discontinuation, physical examinations, vital signs, and clinical laboratory testing. Study safety data were periodically reviewed by an independent data monitoring committee.
Pharmacokinetics
Samples for amantadine plasma concentration analyses were obtained on day 1, week 1, week 2, week 4, week 6 and week 8 (if the week 6 sample was missed), between 9:00 AM and 4:00 PM to correspond with amantadine plateau concentrations.
Statistical Analyses
All statistical methods were based on the International Conference on Harmonization E9 Guidance for Industry "Statistical Principles for Clinical Trials." 11 The efficacy analysis population (modified intent to treat, mITT) consisted of patients who met all of the following: had PD, satisfied the MDS-UPDRS and diary study entry criteria for LID, were randomized, received at least one dose of study medication, and provided at least one post-baseline efficacy assessment. The sample size was based on providing 80% power, using a two-sided, two-sample test at the 5% level of significance.
An analysis of covariance (ANCOVA) model with treatment as a factor and baseline UDysRS value as a covariate was used for the primary efficacy analysis of the 340-mg dose level versus placebo. Except for CGI-C, analysis of secondary end points also used an ANCOVA model.
Key secondary analyses of the UDysRS (260-mg and 420-mg dose levels vs. placebo) and the FSS (all dose levels vs. placebo) were conducted using a hierarchical procedure 12 to control the overall type 1 error. Within the same ANCOVA model used for the primary endpoint analysis, a test of dose-response across the four groups (placebo, 260 mg ADS-5102, 340 mg ADS-5102, 420 mg ADS-5102) was carried out. The doseresponse test was implemented using the scores 0, 260, 340, and 420 and additionally using equally spaced scores for the treatment groups.
Prespecified directions for the handling of individual missing data values related to each efficacy outcome measure, including imputation (where allowable), and the appropriate utilization of a Last Observation Carried Forward approach, were included in the Statistical Analysis Plan.
Results
Demographics and PD characteristics at baseline are shown in Table 1 . The treatment groups appeared to be reasonably well balanced at study entry for these parameters. A total of 83 patients were randomized in the study. The mITT population included 80 patients; one patient was excluded from each of the active treatment groups according to the predefined mITT criteria. Figure 1 depicts patient disposition. The most common reasons for screen failure were insufficient dyskinesia, inadequate renal function, and use of a prohibited medication. The patient study completion rate was 81% (91% placebo, 77% ADS-5102). The most common reason for study drug discontinuation
was adverse events. Five of the eight patients in the 420-mg group who discontinued study drug because of adverse events withdrew during initial dose titration (before week 3) and did not receive the 420-mg assigned dose. Treatment assignment was not revealed for any patient during study conduct. The daily levodopa dosage at week 8 was unchanged from baseline for all treatment groups. At baseline and week 8, respectively, 98.8% and 100% of UDysRS records, and 96.4% and 100% of MDS-UPDRS records, were complete and evaluable, and 100% and 97.0% of PD home diaries were evaluable, with four or fewer 30-min intervals of missing or illegible data.
Efficacy
The primary efficacy analysis compared 340 mg ADS-5102 with placebo in mean change in UDysRS total score from baseline to week 8. A significant decrease (improvement in LID) was observed for A dose-response was also confirmed for the mean change from baseline to week 8 in UDysRS total score (P < 0.006 from both scoring methods). Results are shown in Figure 2 .
Additional efficacy results are presented in Table 2 . The 24-h PD patient diaries showed that ON time without troublesome dyskinesia increased by 3.3 h for 260 mg ADS-5102, 3.0 h for 340 mg ADS-5102, and 2.7 h for 420 mg ADS-5102 (LS mean treatment 
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differences vs. placebo, all statistically significant). In addition, for 260 mg and 340 mg, a mean decrease occurred in OFF time (21.3 and 20.9 h, respectively, relative to placebo), although this did not reach statistical significance.
Little change was seen in the MDS-UPDRS total score (parts I, II, III, combined) vs placebo at all dose levels, suggesting that no worsening of PD occurred during ADS-5102 dosing. The CGI-C results indicated that 75% of patients in the 340-mg dose group had a moderate to marked improvement in their clinical status (related to overall PD, including but not limited to LID) at week 8, versus 32% of placebo patients (see Table 2 ).
Safety Results
Overall, 87% of the 83 patients experienced AEs: 82% of placebo patients, and 80%, 95%, and 90% of patients in the 260-mg, 340-mg, and 420-mg ADS-5102 treatment groups, respectively. The most frequent AEs are shown in Table 3 . A similar proportion of patients in all three ADS-5102 treatment groups reported hallucinations, most often visual, an adverse event that was not reported by placebo patients. Eight of the 13 patients who experienced hallucinations ultimately discontinued treatment. Five patients had a total of seven serious adverse events (SAEs), including one patient in the 260-mg group with lobar pneumonia and mental status changes, and four patients in the 420-mg group with skin hypersensitivity and psychotic disorder, urinary tract infection, lower extremity cellulitis, and subdural hematoma. 
P A H W A E T A L
Fourteen patients discontinued treatment because of AEs (including some of the previously mentioned SAEs). These included three patients in the 260-mg group (2 patients with hallucination, and 1 patient with psychotic disorder, mental status changes, and suicidal ideation), three patients in the 340-mg group (1 patient with hallucination and muscle spasms, 1 patient with hallucination, urinary hesitation, and renal impairment, 1 patient with hallucination and peripheral edema), and eight patients in the 420-mg group (3 patients with hallucination, 1 patient with balance disorder, confusional state, and dry mouth, 1 patient with urinary tract infection, 1 patient with skin hypersensitivity, 1 patient with subdural hematoma, and 1 patient with constipation). No differences were seen across treatment groups in laboratory results and vital signs.
Mean (standard deviation) steady-state amantadine plasma concentrations (ng/mL) were 1,383 (354), 1,431 (707), and 1,677 (512) in the 260-mg, 340-mg, and 420-mg groups, respectively. In the 260-mg group, mean concentrations were similar across all time points. During the titration period for the 340-mg and 420-mg groups, a dose proportional increase in the mean concentrations was generally seen. Concentrations were below limit of quantification in all placebo patients at all time points measured. 
The study demonstrated that ADS-5102 at 340 mg administered once daily at bedtime was safe and effective in improving dyskinesia in PD patients with LID as measured by the UDysRS, PD patient diaries, and MDS-UPDRS, part IV. The highest dose of 420 mg was efficacious, but more patients withdrew from this group (primarily during initial dose titration) because of AEs. The 340-mg dose level provided the best balance between efficacy and safety. Improvement was evident by 2 weeks of dosing, was further improved at 4 weeks, and was maintained throughout the study.
The most frequent AEs in ADS-5102-treated patients were constipation, dizziness, hallucinations, and dry mouth. One patient developed livedo reticularis (340 mg), and no patient who received ADS-5102 reported an impulse control disorder. Central nervous system AEs occurred in all treatment groups, including placebo, and primarily during the first 3 weeks of dosing (Kaplan-Meier survival analysis, data not shown). Most AEs that resulted in ADS-5102 discontinuation were central nervous system related, and frequently involved hallucinations, which are part of amantadine's known safety profile.
Although hallucinations did not occur in the placebo group, they commonly occur in PD, and additional factors such as age, cognitive impairment, other comorbidities, or concomitant medications also may influence the risk of this event in this population. 13, 14 The change in the UDysRS total score was the primary outcome measure for this study. The UDysRS has not been widely used in clinical trials. Goetz et al. 15 recently evaluated the UDysRS and several other instruments for their effectiveness in detecting treatment effects in PD patients with LID and demonstrated that the UDysRS, having both subjective and objective ratings, was superior in detecting treatment effects. The authors reported a reduction in the UDysRS total score of 26.6 points with immediaterelease amantadine (mean dose: 284 mg/d) compared with placebo. In this study, which did not include a direct comparison to immediate-release amantadine, ADS-5102 at 340 mg and 420 mg significantly reduced the UDysRS total score by 211.3 points and 210.0 points compared with placebo, respectively.
In this study, the functional impact of dyskinesia (assessed by MDS-UPDRS part IV, duration of ON time with troublesome dyskinesia, and duration of ON time with non-troublesome dyskinesia) was also improved. The CGI-C results also showed significant improvement at the 340-mg dose level.
No worsening of PD symptoms as assessed by the MDS-UPDRS was seen. A numerical reduction in OFF time, a secondary endpoint, suggested possible improvement in underlying PD symptoms. Previous studies have reported improvement in motor fluctuations 4 with amantadine, but the improvement in OFF time seen in our study did not reach statistical significance.
One of the limitations of immediate-release amantadine is that adverse effects, in particular, sleep disturbances, increase in frequency at higher doses (300 mg/d or higher), [16] [17] [18] leading to avoidance of amantadine dosing beyond the hours of 2:00 to 4:00 PM. 19 In this study, once-daily dosing at bedtime of ADS-5102 was well tolerated. Duration of sleep was not impacted, and there was no difference in reported insomnia, nightmares, or abnormal dreams relative to placebo.
In summary, ADS-5102 was generally well tolerated and resulted in significant and dose-dependent improvements in LID in PD patients. Although the study was small, it was adequately powered, and results were significant and consistent as measured by the UDysRS, MDS-UPDRS part IV, PD patient diaries, and the CGI-C. The types of adverse events were consistent with PD and the known amantadine safety profile. Any conclusions regarding the relative efficacy and safety of ADS-5102 and immediate-release amantadine would require a direct comparison of these agents in a randomized trial. ADS-5102 at 340 mg administered once daily at bedtime provided the best balance between efficacy and safety in improving LID in patients with PD.
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